Abstract This phase II trial evaluated efficacy and safety of temozolomide (TMZ) in combination with irinotecan (CPT-11) before radiotherapy in patients with newly diagnosed glioblastoma multiforme (GBM). Prior to radiotherapy, patients were treated with a maximum of three 6-week cycles of TMZ and CPT-11. Patients received TMZ at a dose of 200 mg/m 2 /day on days 1-5 and CPT-11 on days 1, 8, 22, and 29, with a dose adjustment for enzyme-inducing antiepileptic drug use. The primary end point was objective response rate (ORR). Secondary end points included progression-free survival (PFS), overall survival (OS), safety, and tumor O 6 -methylguanine-DNA methyltransferase (MGMT) expression. Of the 42 patients treated, 8 (19%) patients achieved a partial response. Median PFS and median OS were 3.1 and 13.8 months, respectively. Grade 3 or 4 AEs were documented in 36% of patients, most of which were hematologic (29%). Twenty-four percent of patients had grade 3 or 4 non-hematologic AEs, with gastrointestinal AEs being the most common (12%) Two patients died, one of intracranial hemorrhage and one of treatment-related renal failure. Low MGMT expression, compared with high MGMT expression, showed no significant difference in ORR (25 vs. 8%), median PFS (14 vs. 5 months) or OS (21 vs. 15 months). Although TMZ plus CPT-11 is at least comparable in efficacy to TMZ alone, this combination appears more toxic and poorly tolerated. The lack of correlation of activity with MGMT expression is intriguing, but needs further evaluation in subsequent trials.
Introduction
The diagnosis of malignant glioma (MG) can be likened to a death sentence, with a median survival in the United States of less than 2 years [1] . Currently, the only FDAapproved therapies for treatment of MG are the alkylators carmustine (BCNU), lomustine (CCNU), temozolomide (TMZ) and carmustine implantable wafers-GliadelÒ. These therapies have shown to prolong survival, but the fact remains that most patients will die of their disease. Clearly, novel therapeutic agents and strategies are needed.
The inter-and intra-tumoral heterogeneity of gliomas suggests that a combination regimen may be efficacious in producing lasting anti-tumor effect and overcoming drug resistance. However, the main challenge in the development of combination regimens is the lack of active agents. TMZ [2] [3] [4] and irinotecan (CPT-11) [5] [6] [7] [8] [9] each have demonstrated clinical activity when administered separately to patients with MG. TMZ and CPT-11 are ideal candidates for combination chemotherapy because they exert their antitumor effects through interactions with different targets and have different organ toxicities. CPT-11 is a topoisomerase I inhibitor with dose-limiting toxicity (DLT) of diarrhea [10, 11] . TMZ is an alkylating agent with DLT of myelosuppression [12] .
Not only do TMZ and CPT-11 demonstrate antitumor activity when administered separately, but in preclinical studies this antitumor activity was synergistic when TMZ was administered within 5 days preceding the administration of CPT-11 [13, 14] . This synergy was produced because O 6 alkylation of guanine by TMZ induces topoisomerase I-DNA covalent complexes, thereby decreasing the topoisomerase I-mediated DNA religation and enhancing CPT-11 activity [15] .
Initial exploration of combination TMZ and CPT-11 was recently pursued in a phase I trial in adults with recurrent MG [16] . TMZ was administered at a dose of 200 mg/m 2 /day on days 1-5, and CPT-11 was administered as a 90-min infusion during weeks 1, 2, 4, and 5 of each 6-week cycle. The maximum tolerated dose (MTD) of CPT-11 for patients concurrently receiving and not receiving enzyme-inducing antiepileptic drugs (EIAEDs) was 325 and 125 mg/m 2 , respectively. The DLTs were hematologic, gastrointestinal, and hepatic. A second phase I trial was conducted by the North American Brain Tumor Consortium (NABTC) in which patients, all of whom were receiving EIAEDs, received TMZ at a dose of 150 mg/m 2 / day on days 1-5, and CPT-11 was administered as an IV infusion of days 1 and 15 of each cycle [17] . The MTD of CPT-11 was 500 mg/m 2 . The DLTs were hematologic and gastrointestinal.
We now report a phase II clinical trial in patients with newly diagnosed glioblastoma multiforme (GBM). This trial was designed to determine the efficacy and toxicity profile of CPT-11 in combination with TMZ.
Materials and methods

Patients
Patients were eligible if they were newly diagnosed with GBM that had been histopathologically confirmed by central review. Patients were required to be at least 18 years old and have a Karnofsky performance score C 70%. Patients were required to have measurable disease on contrastenhanced magnetic resonance imaging (MRI) performed within 14 days before drug administration. Those who had undergone resection must have had an MRI exam within 14 days after surgery. Although surgical resection was not required, if one was performed, patients were required to be treated within 42 days of the surgery or biopsy. Additional enrollment criteria included adequate pretreatment bone marrow function (total granulocyte count C 1,500 cells/ll, platelets C 100,000 cells/ll), renal function (serum creatinine B 1.5 mg/dl), and hepatic function (serum SGOT and total bilirubin B 2.5 9 upper limit of normal). Patients of reproductive potential were required to take effective contraceptive measures for the duration of the study. All patients were informed of the investigational nature of the study and were required to provide signed an informedconsent form as approved by the Duke University Health System Institutional Review Board.
Patients were excluded if they had been treated previously with chemotherapy, biologic therapy, radiation therapy, stereotactic radiosurgery, or brachytherapy. The following patients were also excluded from the study: pregnant women, potentially fertile women or men who were not using an effective contraception method, patients with an active infection requiring antibiotics, patients with a known diagnosis of HIV, and patients taking immunosuppressive agents other than corticosteroids.
Study design and treatment
This was a single-institution, non-randomized, two-stage, phase II clinical trial. Patients were treated on a 6-week (42-day) cycle. Treatment cycles were repeated up to a maximum of 3 cycles or until occurrence of either unacceptable toxicity or evidence of disease progression. At the end of the 3rd cycle or if cycles were stopped early for toxicity or progression, the subject would undergo radiation therapy.
TMZ was administered orally at 200 mg/m 2 in a fasting state 1 h prior to the CPT-11 infusion. TMZ was administered on day 1 of the treatment cycle and every 24 h thereafter for 5 days, with treatment cycles repeated every 6 weeks (42 days).
CPT-11 was administered intravenously in a fasting state over 90 min. CPT-11 began 1 h after TMZ administration on day 1 of the treatment cycle. CPT-11 was administered on days 1, 8, 22 , and 29 of the 6-week (42-day) treatment cycle. The dose of CPT-11 for patients receiving EIAEDs, including phenytoin, phosphenytoin, carbamazepine, oxcarbamazepine, phenobarbital or primidone, was 325 mg/m 2 , and for those patients not receiving EIAEDs, the CPT-11 dose was 125 mg/m 2 .
Surveillance and follow-up
The baseline examination included central review of tumor tissue, MRI, complete blood count (CBC), a blood chemistry test, and a physical examination including a comprehensive neurologic examination. During therapy, weekly CBCs were obtained. Prior to subsequent cycles of chemotherapy, patients were required to repeat the CBC, blood chemistry test, physical and neurologic examination, and neuro-imaging.
Toxicity was graded according to the third version of the National Cancer Institute Common Toxicity Criteria. Dose reductions, delays, and discontinuations were applied according to the package inserts for TMZ and CPT-11. TMZ and CPT-11 were not restarted until the ANC C 1,500/mm 2 and platelet count C 100,000/mm 3 . CPT-11 was not restarted until treatment-related diarrhea was fully resolved.
Objective assessments of overall response by the treating physicians were based on tumor assessment from MRI scans (CT if MRI was medically contraindicated) interpreted in the light of corticosteroid use, as suggested by Macdonald et al. [18] , with appropriate support from the neurologic examination. Responses must have been confirmed on two sequential MRIs at least 1 month apart.
MGMT analysis
Immunohistochemistry was performed according to published methodology [19] . Briefly, tissue sections were incubated with monoclonal antibodies (MT3.1; Oncogene Research Products). Cytoplasmic-only and granular nuclear reactivity were considered negative. High expression was defined as C 20% of tumor cell nuclei expressing detectable O 6 -methylguanine-DNA methyltransferase (MGMT) protein; low expression was defined as less than 20% of nuclei expressing detectable MGMT.
Statistical analysis
Among patients newly diagnosed with GBM and treated with TMZ, Gilbert reported a response rate of 42% (95% confidence interval: 26, 59%) [20] . 39% of these patients have had only a biopsy at initial diagnosis. Given our expectation that significantly more than 39% of patients enrolled on the study would have only a biopsy a response rate on the low side of the confidence interval was used as a benchmark for hypothesis testing. More specifically, if the true response rate with CPT-11 plus TMZ was 26% or greater, there would be interest in formally incorporating this treatment regimen into a randomized phase III study. However, if the true response rate was 10% or less, there would definitely be no interest in further pursuing the new treatment regimen. Therefore, the study was designed to differentiate between a 10% (null hypothesis) and 26% response rate (alternative hypothesis). The study was conducted as a two-stage study with 21 and 20 patients in the first and second stage. If 3 or more of the first 21 patients responded to treatment, the second stage of patient accrual commenced. If 7 or more of the 41 patients (i.e., both stages combined) responded to treatment, the decision was made that the treatment regimen was worthy of further investigation. Otherwise, the treatment regimen was determined unworthy of further investigation. The type I and II error rate for this study was 0.10.
Efficacy (and safety) analyses included all patients who received at least one dose of drug. The number and proportion of patients who achieved an objective response (complete response [CR] or partial response [PR]) was summarized. PFS, defined as the time between study entry and the first occurrence of disease progression, disease, or death, and OS, defined as the time between study entry and death, were summarized by using the Kaplan-Meier method [21] . The logrank test was used to compare patient subgroups defined by MGMT status with respect to PFS and OS. Categorical data were analyzed by Fisher's exact test.
Toxicity prevalence was summarized by type and maximum grade experienced according to the National Cancer Institute's Common Toxicity Criteria version 3.0.
Results
Patient characteristics
Patient demographics and baseline disease characteristics are outlined in Table 1 Eighteen patients (43%) completed 3 cycles of TMZ and CPT-11. Twenty-two (52%) patients discontinued therapy because of disease progression (n = 15), or AEs (n = 7) after 1 or 2 cycles and went on immediately to radiotherapy plus adjuvant TMZ (75 mg/m 2 /day for 42 days).
Response
The overall response rate was 19% (95% confidence interval: 8, 31%), which included 4 PRs during the first stage and 4 PRs during the second stage of the study. With 8 responders overall, the study's null hypothesis that the study's null hypothesis is rejected indicating that the treatment regimen is worthy of further investigation within this particular patient populations. The response rate in patients undergoing biopsy alone was 17%. In addition, 20 (50%) patients had stable disease (SD). Seven of these patients, who initially demonstrated an objective response or SD, progressed before completing all 3 cycles of TMZ and CPT-11.
Survival
Forty of the 42 patients progressed or died of their disease. Two patients were censored after loss to follow-up; one after completing two cycles and another after completing the entire treatment regimen. 
Safety
All 42 patients were assessable for AEs with the treatmentrelated grades 3, 4, and 5 AEs detailed in Table 2 . Grade 3 or 4 AEs were documented in 36% of patients. Twentynine percent of patients had any grade 3 or 4 hematologic AEs, 26% had grade 3 or 4 neutropenia, and 19% had grade 3 or 4 thrombocytopenia. Twenty-four percent of patients had any grade 3 or 4 non-hematologic AEs, with gastrointestinal AEs being the most common (12%), followed by infection (10%) and thrombosis (7%). The least common grade 3 or 4 AEs included pulmonary AEs (5%), hypotension (5%), and elevated alanine transaminase (ALT) (2%). Two patients died of AEs, one of intracranial hemorrhage and one of renal failure as described below.
Dose reduction and treatment discontinuation
One patient (2%) required a dose reduction due to grade 3 diarrhea. Three patients (7%) required dose delays; grade 3 Time (months) Fig. 2 Overall survival neutropenia-leukopenia-thrombocytopenia, grade 4 pulmonary infiltrates or pneumonitis, and grade 3 infection with grade 3 neutropenia-thrombocytopenia were responsible for each of these delays. Seven patients (17%) discontinued therapy because of AEs as detailed in Table 3 . Two patients discontinued therapy after experiencing grade 4 hematologic adverse events and clinically progressed while awaiting resolution of these events. Despite the absence of coagulation disorder or thrombocytopenia, one patient developed an intracranial hemorrhage and died on day 2 of the first treatment cycle. Four patients discontinued therapy after experiencing grade 4 hematologic adverse events along with gastrointestinal toxicities. Also, these four patients had a clinical course complicated by grade 3 or 4 infection, thrombosis, or hypotension. One of these four patients developed hypotension and died of renal failure. Thus, the combination of grade 3 or 4 hematologic AEs and grade 3 or 4 gastrointestinal AEs was near fatal or fatal in 4 (10%) patients.
Discussion
In the present study, TMZ in combination with CPT-11 demonstrated antitumor activity with a 19% ORR, whereby the study's null hypothesis was rejected indicating that the treatment regimen has anti-tumor activity and is worthy of further investigation. Three comparison studies investigating neoadjuvant TMZ using the standard 5-day regimen to treat GBM demonstrated response rates of 20% [22] , 42% [20] , and 52% [23] . Direct comparison of this study to the prior studies is difficult due to differences in the populations in terms of extent of resection, performance status, and other important variables although the vast majority (81%) of patients in our current trial only had a biopsy, putting this group at high risk for a bad outcome. Despite the differences in these populations, the results of the current study suggest an antitumor activity at least comparable to TMZ alone. Combination TMZ and CPT-11 appears to be more toxic in comparison to TMZ alone. Two phase II trials performed by Friedman et al. [23] and Gilbert et al. [20] evaluated safety along with efficacy of neoadjuvant TMZ in MG. Also, a phase III trial performed by Stupp et al. [2] evaluated the safety and efficacy of adjuvant TMZ administered after radiotherapy. In all three studies, TMZ was administered on the same dosing regimen as performed in this study. When the hematologic toxicities are compared (Table 4) , the combination of TMZ and CPT-11 appears to be more myelosuppressive than TMZ alone. With an increase in myelosuppression, it is not surprising that the occurrence of severe infection increased from 5 to 10% when CPT-11 was combined with TMZ. Although CPT-11 and TMZ are both associated with gastrointestinal adverse events, TMZ is most commonly associated with nausea/ vomiting and constipation and CPT-11 is most commonly associated with diarrhea. When TMZ and CPT-11 were combined, grade 3 or 4 diarrhea occurred in 12% of patients, whereas grade 3 or 4 nausea/vomiting occurred in only 1% of patients with TMZ alone. It also appears that the combination of diarrhea or colitis/typhlitis associated with CPT-11 is a much more serious adverse event when combined with neutropenia and thrombocytopenia than nausea/vomiting or constipation associated with TMZ. Thus, the combination of TMZ and CPT-11 appears to be more toxic to both the hematopoietic and gastrointestinal system than TMZ alone.
Perhaps combining these two drugs using a different TMZ dosing regimen may prove to be more efficacious with less toxicity. Of note, we may have reduced efficacy by increasing the time between TMZ dosing from the standard 28 to 42 days, a step necessary to minimize toxicity. Continuous TMZ administered at 75 mg/m 2 /day 9 7 day/week for 4 to 6 weeks is one reasonable alternative dosing regimen and has been tested in chemonaive GBM patients receiving concomitant radiotherapy in two separate clinical trials, one a phase II study [24] and the other a phase III study [2] . This dosing regimen is hypothesized to be more effective than the standard regimen for two reasons. First, since MGMT seems to be a major mechanism of resistance to TMZ [23, 25] , prolonged TMZ exposure, which leads to MGMT consumption, albeit not shown in brain tumors, may possibly overcome inherent tumoral chemoresistance [26] . Second, since the synergy between TMZ and CPT-11 seems schedule dependent, occurring when TMZ is administered within 5 days preceding CPT-11 [13, 14] , daily TMZ administration for 4 to 6 weeks would ensure that TMZ would precede each dose of CPT-11 and thus optimize this synergy.
When TMZ and CPT-11 were combined in our study regimen, no correlation between MGMT protein expression and response was seen. Prior studies have explored the relationship between MGMT protein expression or promoter methylation status and response in newly diagnosed MG or GBM. In two trials where patients were treated with the standard TMZ regimen (200 mg/m 2 /day for 5 days every 28 days), low MGMT expression [23] and methylation of the MGMT promoter [27] positively correlated with response. This same relationship was seen in a 7-dayon/7-day-off TMZ regimen (150 mg/m 2 on days 1-7 and days 15-21 every 28 days) [28] . In contrast to these three studies, when TMZ was administered on a 3-week-on/ 1-week-off regimen (75 mg/m 2 /day for 21 days every 28 days), no relationship between MGMT promoter methylation status and response was seen [29] . Our study also found no statistically significant relationship between MGMT protein expression and response. This suggests that this combination has activity independent of tumor MGMT, an explanation finding support in the research performed by Houghton et al. [13] when he showed that the antitumor activity of TMZ combined with CPT-11 is independent of MGMT in CNS xenografts including GBM. However, the response rate in low MGMT expressing tumors was 25% compared to 8% in high expressors, suggesting that statistical significance may not have been seen due to low patient numbers. The low patient numbers might also explain the statistically insignificant but biologically interesting observation of a median PFS of 14 vs. 5 months in low versus high MGMT expressors. A phase I trial of TMZ, CPT-11, and O 6 -BG (an MGMT depletor) has been conducted [30] , and a phase II trial of this threedrug regimen is needed to elucidate the role of MGMT and its relationship to the antitumor activity.
The results of the current phase II trial indicate that although TMZ plus CPT-11 is at least comparable in efficacy to TMZ alone, this combination appears more toxic and less well tolerated. Although the median OS was only 13.8 months which is slightly lower than in the Stupp study using the TMZ arm (2) this may be explained by the observation that only 19% of our patients underwent an actual resection. MGMT tumor expression does not seem to be predictive of response, albeit with the caveat of low patient numbers as detailed above, presumably since CPT-11 activity is not affected by MGMT although we only could do MGMT assays on 60% of the samples, similar to the experience of Hegi et al. [25] . Further exploration of CPT-11 in combination with a continuous, low-dose TMZ regimen may improve the efficacy of this combination without an incremental increase in toxicity particularly using every 2 week CPT-11 similar to the NABTC trial [17] . Furthermore, the rationale supporting the benefit of neoadjuvant chemotherapy remains controversial.
